Abstract Myrskylä et al. (2009) found that the relationship between the human development index (HDI) and the total fertility rate (TFR) reverses from negative (i.e., increases in HDI are associated with decreases in TFR) to positive (i.e., increases in HDI are associated with increases in TFR) at an HDI level of 0.86. In this article, we show that the reversal in the HDI-TFR relationship is robust to neither the UNDP's recent revision in the HDI calculation method nor the decomposition of the HDI into its education, standard-of-living, and health subindices.
Introduction
In a paper published in Nature, Myrskylä, Kohler, and Billari (MKB) documented a reversal in the relationship between the total fertility rate (TFR) and the Human Development Index (HDI) at advanced levels of human development (Myrskylä et al. 2009 ). They found that the HDI-TFR relationship reverses from negative (i.e., increases in HDI are associated with a decrease in fertility) to positive (i.e., increases in HDI are associated with increases in fertility) at an HDI level of 0.86. Their analysis was rigorous, but it left open questions that we strive to answer here.
The UNDP recently revised the methodology used to calculate the HDI (cf. UNDP 2010). Several countries approached the maximum value of 1 under the previous HDI, making it difficult to make distinctions in this cluster of countries and to measure further progress of these countries. The UNDP adjusted the goalpost for the index in order to lower overall HDI values. In addition, the new HDI has a built-in preference for equal progress in all three components of the HDI-health, education, and standard of living-through averaging them with a geometric mean instead of an arithmetic mean. The revision led to a reduction of the HDI level across countries, but had only a moderate impact on the ranking of countries. MKB's result is based on the old HDI, and we aim to discover whether it holds for the new one.
MKB conducted their analysis only for the composite HDI index, rather than separately for the three HDI components: health, education, and standard of living. Thus, questions remain: Does the relationship between the TFR and development reverse for all components? Are there different thresholds for each HDI component at which the relationship reverses? Which component, if any, is driving the result for the composite index?
MKB used annual data from 1975 to 2005 in their longitudinal analysis. Until 2000, the HDI was measured every five years. Thus, their data set is largely based on constructed or imputed observations. The analysis can be conducted without imputing data. Rather than using one-year intervals from 1975 to 2005, one could use five-year intervals for the same period in the longitudinal analysis. Alternatively, one could redo the longitudinal analysis with annual data from 2000 to 2009. Whether MKB's result holds for these different samples remains an open question.
Further, MKB removed from the longitudinal analysis all countries that did not have a 2005 HDI level above the observed point of reversal. We examine whether their result holds if these countries are retained in the sample.
Data
We use HDI data from the International Human Development Indicators database (UNDP 2011 Table 1 . 4 Countries that appear in italics also belong to MKB's balanced sample (which consists of 29 countries). 5 Third, we take a balanced sample of all countries for which we have five-year data from 1980 to 2009. Fourth, we take a balanced sample of all countries in the data set for which we have annual data Figure 1 shows the same data displayed on the natural scale of the variables. In Fig. 1 , no J-shaped relationship between fertility and human development is observable. 1 The revision of the HDI mostly had a level effect. Changes in the country rankings were moderate. In the MKB sample, the average absolute change was three positions in 2005. 2 The use of the period TFR is subject to an ongoing debate among demographers. The TFR is a rather volatile and possibly misleading indicator because of tempo effects. Although we agree that tempo effects are important, they are not the focus of this note. We study the robustness of MKB's main result and thus use the same indicator as MKB. 3 We exclude Hong Kong, Macao, Monaco, and Singapore from the analysis. 4 Data for 1980 can be found in Table S1 of Online Resource 1. 5 The original MKB sample is presented in Table S2 in Online Resource 1. 6 The unbalanced sample consists of 157 countries, which are listed in the footnote of Table S1 . The unbalanced sample of countries includes countries for which some data points are missing but that are nevertheless important for the analysis-for example, Germany and many low-fertility countries from Eastern and Central Europe. 7 MKB rescaled HDI and TFR as follows: HDI rescaled = −log(1 − HDI) and TFR rescaled = log(0.4886 · TFR)/31. 
Estimation Approach
We fully adopt MKB's difference-in-differences estimation strategy. Specifically, we estimate a piecewise linear model with the TFR as the dependent variable, in which the coefficient of the HDI (or its components) can differ below or above a predetermined threshold value. 8
(1) The coefficients β pre and β post measure the effect of human development below and above (respectively) a predetermined threshold value on the TFR. X it is the HDI (or one of the HDI components) of country i in year t. The operator is the difference indicator, with X t = X t − X t −1 , X are dummy variables indicating whether the HDI (or HDI component) level is, respectively, below and above the predetermined threshold value. γ t are time fixed effects. The specification in Eq. (1) allows us to test whether the reversal in the relationship of fertility and the HDI (or HDI component) is statistically significant while controlling for time and country fixed effects. MKB found β pre < 0 and β post > 0 for their data set. Before we can estimate Eq. (1), we first have to determine the threshold value of the HDI (or HDI component). Again, we adopt MKB's empirical strategy and use maximum likelihood methods to determine the threshold. Specifically, we estimate Eq. (1) for a broad range of potential threshold values of the HDI (or HDI component). 9 We take the HDI (or HDI component) value for which the log-likelihood function shows its maximum. 10 The threshold value is also used to define B pre it and B post it . The distribution of the log-likelihood function and the threshold values of the HDI for our six different samples is shown in Fig. S1 in Online Resource 1. Figures S2-S5 show the log-likelihood for the old HDI and the components of the new HDI.
Estimation Results
The regression Tables 2 and 3 include results for the six samples described in the Data section: the Nature sample, the balanced sample, and the unbalanced sample for both five-year data and annual data. 11 In the upper part of Table 2 , we replicate MKB's results for the old HDI. 12 For all samples, the likelihood is greatest for a threshold value around 0.85. For HDI levels above the threshold value, an increase in the HDI is associated with an increase in the TFR. This result is highly significant for all samples. Below the threshold value, an increase in the HDI is associated with a decrease in the TFR (with exception of the Nature sample).
We now turn to the new HDI. The results are shown at the bottom of Table 2 . The log-likelihood for various threshold values are shown in Fig. S1 in Online Resource 1. For the Nature sample, we find threshold values of 0.74 and 0.80, respectively. These values are comparable to the threshold values that we found for the old HDI (considering the level and ranking differences between the old and new HDIs). However, MKB's main result-namely, that increases of the HDI above the threshold value lead to increases of the TFR-is now insignificant. For the five-year data, we also find a threshold value of 0.74 for both the balanced and the unbalanced sample. The relationship between the HDI and the TFR is again statistically significant and negative below the threshold value and positive above it. For the annual data, we find an implausibly low threshold value of 0.56. The relationship is statistically significant and negative below the threshold value and positive above it. Because very different threshold value are identified depending on the sample, it is very difficult to draw any conclusions about the period during which the reversal occurred (if it occurred at all). Countries with an HDI value around 0.56 in 2000 include China, Egypt, and Namibia; countries with an HDI value around 0.74 in 2000 include Argentina, Estonia, and Poland. These countries 9 We use all values between 0.01 and 0.99, with a step size of 0.01, as potential thresholds. 10 The estimation of the threshold value depends on the underlying sample of countries. MKB excluded countries that had not reached an HDI of 0.85 in 2005. Because we use different samples of countries, we provide a robustness check on this selection criterion when estimating the threshold value. 11 For the old HDI, we use the data MKB used. 12 The log-likelihood for various threshold values is shown in Fig. S2 in Online Resource 1. 1975-2005 1975-2005 1975-2005 1975-2005 1975-2005 1975-2005 are at very different stages of their fertility transition, and not all of them are examples of advanced economies with increasing fertility rates since 2000. 13 Changes in the index composition between the old HDI and the new HDI made the main result of Myrskylä et al. (2009) disappear in their own country sample and led to an implausible result in the balanced and unbalanced samples. In Table 3 , we present the results for the three HDI subindices. 14 For the education index, we find an implausibly low threshold value of 0.45 in the Nature sample with five-year data. The relationship between the education index and the TFR is negative below the 13 The results are not driven by outliers. MKB identified Estonia, Kuwait, South Korea, and Malta as outliers. In a robustness check, we omitted these countries from the sample and obtained essentially the same results. 14 The log-likelihood of the various threshold values of the piecewise linear regressions for the HDI subindices is shown in Figs. S3-S5 in Online Resource 1. threshold value and insignificant above it. For the annual data, the threshold value is 0.72, and the relationship is still negative below the threshold value and insignificant above it. For the balanced and unbalanced samples, the relationship is negative below the threshold value and positive above it. Again the threshold values are implausibly small (between 0.56 and 0.63). The magnitude of the threshold values for the standard-of-living component is comparable with those of the HDI. For the Nature sample, the relationship is insignificant for HDI levels below the threshold value; above the threshold value, the relationship is positive for the five-year data and negative for (the more important) annual data. For the five-year data, both in the balanced and the unbalanced samples, the relationship between standard of living and the TFR is insignificant below the threshold value and positive above it. It is only for the annual data that we observe a reversal in the relationship, with a negative coefficient below the threshold value and a positive coefficient above it. However, once again, the threshold value is implausibly small (0.50), and we thus interpret this finding as a statistical artifact.
In both the balanced sample and the unbalanced sample, the relationship between health and the TFR reverses from negative to positive at index levels between 0.82 and 0.90. For the Nature sample, the relationship is negative below the threshold value and insignificant above it for the five-year data; it is positive throughout for the annual data.
Conclusions
We reinvestigate the finding of MKB that the relationship between the HDI and the TFR reverses from negative (i.e., increases in HDI are associated with decreases in TFR) to positive (i.e., increases in HDI are associated with increases in TFR) at an HDI level of 0.86. We find that the reversal in the HDI-TFR relationship is robust to neither the UNDP's recent revision of the HDI calculation method nor the decomposition of the HDI into its subindices of education, standard of living, and health.
Our results confirm MKB's finding in the sense that the association between the HDI and the TFR has changed over the past 20 to 30 years. However, we also document that their conclusions overreach a bit. We find very little support for simple interpretations that fertility rates will automatically start to increase beyond a certain level of development. We think that it is necessary to investigate the micro-level reasons for the recent increase in fertility rates in some high-income countries.
In addition, our results show the need for caution in interpreting empirical findings. In our case, small changes in the methodology of calculating the HDI and small changes to the country sample changed the conclusions. Thus, empirical results should be interpreted carefully unless their robustness has been proven with different samples and indicators.
